Several ongoing cohort studies in Europe and US use different dietary assessment methods to increase our knowledge about diet and disease relationships concerning cardiovascular disease, osteoporosis and cancer. Diet history methods and food frequency questionnaires are commonly used methods to measure usual food intake in case-control studies and cohort studies. However, misclassification imposed by the methods limit the possibilities of collecting reliable data on dietary intake. The validity of the dietary methods depends on several components, like accurate estimations of frequency and portion sizes, the quality of food composition data bases used, and data collection procedure; all components which are crucial for interpretation of the dietary results. If the food list does not include commonly consumed food items in the chosen study population, or dietary methods with predefined questions are used, the sample characteristics must be homogeneous for several factors like gender, age, ethnicity and social class. This might introduce narrower distribution of potential explanatory variables. Non-representative study samples will also restrict valid estimations of populations at risk. This paper intends to evaluate some methodological issues of logistic models regarding misclassification and attenuation of estimated observed relative risks.
relative accuracy have been made using diet record as a reference. The accuracy of the method used is important for study design and power calculation in order to define which levels of relative risk could be detected with a given dietary instrument, even if analysis is restricted to univariate analysis only.
The aim of the present paper is to study the effect of non-differential measurement error and collinearity on the observed relative risk estimates using several variables in a logistic regression model.
METHODS
Several validation studies have been published in recent years using different diet assessment methods and a weighed dietary record as a reference: The results from six validation studies are given in Tables 1 and 2 with crude and energy adjusted correlation coefficients given. [4] [5] [6] [7] [8] [9] [10] These methods were developed to be used in diet and cancer cohort studies. The difference in Pearson correlation coefficients between dietary method and reference method varies between 0.10 and 0.45 for the different studies. The wide distribution of the correlation coefficients for different nutrients within the same studies is also noteworthy.
Dietary data from the Malmö Food study was used in order to illustrate the effect of collinearity, the correlation between foods and nutrients, on relative risk estimates. The study population comprised 165 men and women, aged 50-69 years, residents of the town Malmö, who took part in a validation study of dietary assessments. 4, 5, 11 A modified diet history method was used, combining a 2-week food record for beverages and lunch/dinner meals and a quantitative food frequency questionnaire for other foods, breakfast and snacks covering all seasons during the past year. Usual portion sizes were estimated using a booklet with 180 photographs. The data were coded using the Swedish Food Data Base, Swedish National Food Administration, including nutrient information for about 1500 food items. 4, 5, 11 The method was validated with an 18-day weighed dietary record as a reference method, showing that crude and energy-adjusted correlation coefficients calculated on log-transformed data varied for most nutrients between 0.5 to 0.7 (Table 2) . 11 
STATISTICAL METHODS
The univariate association between number of cases as a function of the accuracy between the assessment methods was calculated assuming a logistic relationship and a power of 80% to identify an observed relative risk of 3.0 between highest and lowest quintile. The univariate relationship between true relative risks (RRa) and observed relative risks (RRo) given the validity raa can be expressed as:
The validity refers to the energy adjusted correlation coefficient between the dietary assessment method used and a reference method. A multivariate regression model was used to study the effect of collinearity on observed relative risk (RRo). The true relative risks (RR) and the true correlation coefficients between explanatory variables are given hypothetically. For a logistic regression with two risk factors, a and b, this relationship could be described as: RRao = RRa r 2 aa.b * RRb r 2 bb*k*(1-r 2 bb.a) [2] where raa.b is the partial correlation between observed factor a and true factor a, adjusted for observed b; rbb is the validity of factor b; and rbb.a is the partial correlation between observed factor b and true b, adjusted for observed a; k is the regression coefficient for regression of true b on true a. The validity of factor b corresponds to the correlation coefficient between the dietary method used and a reference method for assessment of factor b. To illustrate the effect on RRo with RR in the same and opposite direction as well as inclusion of irrelevant factors, different correlation coefficients have been entered in the equation for the accuracy and for collinearity.
RESULTS

Measurement Error in Univariate Analyses
In order to identify a trend in an observed relative risk of 3.0 between highest and lowest quintile of a nutrient exposure in a cohort study with a power of 80%, the number of cases needed is a function of the accuracy of the dietary instrument used. Figure 1 shows the increased number of cases required using dietary instruments with decreasing precision as given by lower correlation coefficients between the chosen dietary method and a reference method, assuming a logistic relationship. Even small changes of the true assessment have great impact on the number of affected indivduals; for example, about 300 cases are needed using a method with a correlation coefficient of 0.6 compared to 400 cases with a corresponding correlation coefficient of 0.5. The wide distribution of correlation coefficients for different nutrients in previous validation studies are shown in Table 2 .
Measurement Error and Collinearity in Multivariate Analyses
Strong correlations between nutrient variables, described as collinearity, have to be considered in nutritional analyses. Although different food habits in a population might result in a wide distribution with low correlations between food items, many nutrients go together in the same foods. This is illustrated by data on 165 middleaged participants from the Malmö Food Study. Correlation coefficients between different food groups, common in a Scandinavian diet, are given in Table 3 . Low correlations were found between several of the presented food groups for both genders. However, most analyses try to conceptualize hypotheses about nutrientdisease relationships using data derived from estimated intakes of food items or dishes. The high collinearity between some nutrients are shown in Table 4 . These phenomena will have some major impact on possibilities to disentangle the effects of specific nutrients separately and to detect true relative risk with the present dietary information.
Thus, the observed relative risk depends not only on the validity of the diet assessment method used, but also on collinearity between variables in the model. These implications have been described for linear regression analyses. 12, 13 For a logistic regression with two risk factors, a and b, this relationship could be described as in equation [2] .
If the collinearity between a and b is modest, then a good approximation is equation [3] : RRao = RRa r 2 aa * RRb r 2 bb*k*(1-r 2 bb) [3] where RRa o is observed relative risk for factor a, RRa and RRb are true relative risk for a and b, k is the regression coefficient for regression of true b on true a, raa is the validity of factor a and rbb is the validity of factor b. 13 The validity of factor a, raa, corresponds to the correlation coefficient between a used dietary method and a reference method. The regression coefficient k corresponds to the correlation coefficient between factor a and factor b assuming standardized variances for a and b. The relation [3] should preferentially be used in large sample sizes including end-points with low incidence. In the following context a and b will be assumed to have the same validity.
Given the assumptions that true RR is 2.0 for nutrient a and that RR is 4.0 for nutrient b, the effect of true collinearity i.e. the correlation coefficient between nutrients a and b is shown in Figure 2 . The observed RR with a true RR of 2 is highly underestimated even with a high positive collinearity and a high validity of the assessment of factor a. If, on the other hand the studied nutrients have opposite RR, the relative influence of collinearity will increase. Assuming that fat has a true RR of 2.0 and tocopherol 0.5 for the development of myocardial infarction, different validated diet assessment methods report correlation coefficients for tocopherol in the range from about 0.30 to 0.80 (Table 2 ). Given a collinearity of 0.6 between fat and tocopherol (Table 4) , the observed RR for fat will differ between 1.03 to 1.33 depending on the validity of the dietary method used (Figure 3 , lower part). For tocopherol the observed relative risks would differ between 0.75 to 0.97 ( Figure 3, upper part) .
FIGURE 1 Required number of endpoint cases as a function of misclassification with α 5% and power 80% in a univariate analysis
Inclusion of an Irrelevant Factor
Given the assumptions that true relative risks for an event are 2.0 for nutrient a and 1.0 for nutrient b and that the true collinearity i.e. the correlation coefficient between nutrients a and b is 0.8, like for example between energy and protein, the observed RR depends on the validity of the diet assessment method. For example, estimated energy intake with a correlation coefficient about 0.40 between assessment and reference method ( Table 2) will give an observed RR in the order of 1.11, compared to 1.23 if the correlation coefficient is about 0.60 for the same nutrient. For nutrient b with a true relative risk of 1.0, the corresponding observed risk will be 1.08 and 1.15 with corresponding validity of 0.40 and 0.60 ( Figure 4 , upper part). Even small differences in the accuracy, measured as the correlation coefficient between the chosen diet assessment method and the reference method used as a gold standard, have great influence on detected RR applied on analyses including nutrients and foods. Using the above mentioned example with two risk factors a and b with true RR of 2.0 and 0.5, and the assumptions with a collinearity of 0.60 and validity varying between 0.3 to 0.8 will give the following result; omitting factor b will give an observed RR between 1.02 to 1.19. The corresponding result when omitting factor a will vary between 0.84 to 0.98.
DISCUSSION
The need for improvement of current dietary methods or development of new techniques has been addressed frequently since no ideal dietary methods are available today. It has been understood that the results from dietary methods with apparently simple questions are the result of complicated cognitive and behavioural processes and thereby include different sources of measurement error. 2 Misclassification can change relative risk estimates in both directions. Different statistical methods have been put forward to adjust for measurement errors in study design. Applying an error model assuming a non-differential error while there is a positive correlation 
(lower part) as a function of validity of measurements and collinearity between explanatory variables. The validity is expressed as different correlation coefficients between a chosen dietary method and a reference method
between true value and observed error value might result in an underestimation of sample size due to attenuation and undercorrection of the relative risk of interest using standard correction procedures. [14] [15] [16] This problem has been addressed by Wacholder et al. and others exploring the effect of using a validation study to correct for attenuated observed relative risk due to measurement error when there is a correlation between errors. [17] [18] [19] Positive correlation between errors can result in substantial undercorrection of estimations whereas a corresponding negative correlation results in overcorrecting when applied to different logistic regression cohort models and regression models with continuous covariates not considering differential misclassification. 20 The effect on non-differential misclassification on polytomous variables was studied by Fung and Howe. 21 In multivariate analyses misclassification attenuates relative risk estimates but if there is a positive confounding between a covariate and the dependent variable the residual confounding will bias relative risk estimates away from unity. 21 High collinear relationships using different models for diet and breast cancer associations was investigated by Wax. 22 A calorie adjusted model gave higher multicollinearity than a multivariate nutrient density model. Two types of collinearity were distinguished, one due to a high homogeneity between explanatory variables and the other reflecting interrelationship between variables. Some but not all collinearity is shown by high correlation coefficients between explanatory variables. Using results published in the field of econometrics and extending these results to logistic regression models and also expressing the matrix formulation explicitly by way of partial correlation coefficients, we have demonstrated that a substantial decrease in observed relative risk occurs if dietary assessment methods are combined with analyses of explanatory variables with a moderate to high correlation. The RRo might even be inverse. The introduction of irrelevant factors in the model might also bias the result. Data on RRo have also been calculated on true correlations between risk factors. More heterogeneous dietary habits or increased sample size will be needed and multi-centre cohort studies address this need. However, increasing the sample size will result in narrower confidence intervals but will not consider the risk of underestimation of the variances of observed RR. Measurement errors in multicentre studies are caused by variation within and between cohorts and calibration of subsamples can be used to control for this variation. 23, 24 Repeated measurement is another principle to reduce the variance within individuals but this will apply only if there is no correlated error. 25, 26 Most models used in nutritional epidemiology assume no correlated error. If we consider the relatively high validity of the diet assessment method used in the Malmö Food Study the observed correlation coefficients between some nutrients were higher than expected; e.g. an observed correlation of 0.63 between fat and tocopherol while the correlation coefficients from the reference method were 0.51 for fat and 0.60 for tocopherol implying a true correlation higher than 1.0. This might reflect correlation in error operating in commonly used diet assessment methods.
The presented data show that the required number of cases in a diet and disease relationship increases rapidly if a diet assessment method with high measurement error is used in univariate analyses. The result will be even more pronounced in relative risk regression models with several explanatory variables. The effect of omitting a relevant risk factor with high collinearity will substantially reduce RRo. This emphasizes the need to include only variables fulfilling pre hoc defined criteria of validity to avoid misinterpretation of negative or positive results. The well-known fact that collinearity inflates the variances of RRo has not been considered.
Furthermore, models used in nutritional epidemiology often assume log-linear relationships. If more complex additive effects or interactions between nutrients are included in the model, this will make it even more difficult to delineate risk factors without considering the problems with measurement errors and assumptions of independent misclassifications between the nutrients studied. In order to have power to detect an interaction of the same size as the main effect, the sample size has to be increased by at least a factor of 4. 27 We have not addressed the problem of biased estimation in the actual level of intake or skewness in distribution. However, if this bias is non-differential there will be no serious implications if we model our risk function on quintiles of intake and, thus, only rank individuals which is the traditional approach in nutritional epidemiology. Log transformation are often used to correct for skewness.
In conclusion, in study design, the options can be to use either an extensive time consuming method with good validity or a more simple semiquantitative questionnaire (food frequency). The increase in precision can only to some part be obtained using a) repeated measurements b) increasing the sample or c) applying calibration techniques. If the consequences of misclassification in study design are not considered the risks for inconclusive results due to low power or severe biases are increased.
